Emerging pathogens potentially undergo rapid evolution while expanding in population size and geographic range during the course of invasion, yet it is generally difficult to demonstrate how these processes interact. Our analysis of a 30-yr data set covering a large-scale rabies virus outbreak among North American raccoons reveals the long lasting effect of the initial infection wave in determining how viral populations are genetically structured in space. We further find that coalescent-based estimates derived from the genetic data yielded an amazingly accurate reconstruction of the known spatial and demographic dynamics of the virus over time. Our study demonstrates the combined evolutionary and population dynamic processes characterizing the spread of pathogen after its introduction into a fully susceptible host population. Furthermore, the results provide important insights regarding the spatial scale of rabies persistence and validate the use of coalescent approaches for uncovering even relatively complex population histories. Such approaches will be of increasing relevance for understanding the epidemiology of emerging zoonotic diseases in a landscape context. invasion ͉ phylogeography ͉ Procyon lotor ͉ wildlife disease ͉ zoonoses
Emerging pathogens potentially undergo rapid evolution while expanding in population size and geographic range during the course of invasion, yet it is generally difficult to demonstrate how these processes interact. Our analysis of a 30-yr data set covering a large-scale rabies virus outbreak among North American raccoons reveals the long lasting effect of the initial infection wave in determining how viral populations are genetically structured in space. We further find that coalescent-based estimates derived from the genetic data yielded an amazingly accurate reconstruction of the known spatial and demographic dynamics of the virus over time. Our study demonstrates the combined evolutionary and population dynamic processes characterizing the spread of pathogen after its introduction into a fully susceptible host population. Furthermore, the results provide important insights regarding the spatial scale of rabies persistence and validate the use of coalescent approaches for uncovering even relatively complex population histories. Such approaches will be of increasing relevance for understanding the epidemiology of emerging zoonotic diseases in a landscape context. invasion ͉ phylogeography ͉ Procyon lotor ͉ wildlife disease ͉ zoonoses I nfectious diseases emerging in wildlife populations, and the concomitant threats to humans and domestic animals, continue to be a source of great public concern (1). Such emergences are often characterized by the spatial incursion of a pathogen into a completely susceptible host population (2) (3) (4) . Opportunities to reduce or control the rate of spatial spread in wild animals are, unfortunately, usually quite limited. However, the lack of intervention measures also means that these pathogen invasions can be viewed as large-scale natural experiments that can reveal much about the spatial, ecological, and genetic processes simultaneously unfolding during population expansions, yielding insights not only relevant to disease emergence but also more generally to invasion biology and the reconstruction of biogeographical histories from molecular data.
RNA viruses offer particularly good opportunities for the study of pathogen invasion because they exhibit ecological and evolutionary dynamics that occur on similar time scales (4) (5) (6) . Rabies is the most important viral zoonosis worldwide, likely causing Ͼ50,000 human deaths annually (7) . Besides bats, terrestrial carnivore species, including raccoons (Procyon lotor), are the most important rabies reservoirs. Although raccoons are common throughout North America, their significance as a primary rabies host before the 1970's was limited to the southeastern U.S., particularly Florida (8) . This localized focus changed dramatically during 1977, when a raccoon-specific rabies virus variant (RRV) was detected in West Virginia, several hundred km north of the previously identified focus of raccoon rabies. Radiating from this location, RRV spread explosively along the mid-Atlantic coast in the following years, and, by 1999, the epizootic affected an area of many thousand square kilometers (9) .
In this article, we present a spatiogenetic analysis of this 30-yr rabies virus epizootic among North American raccoons, which for most of its duration went on uncontrolled and which from its index case in 1977 to the present has been documented in unusually fine temporal and spatial detail (9) (10) (11) (12) (13) (14) . In addition to the documented case data, genetic viral samples from this outbreak have been stockpiled by the Centers for Disease Control and Prevention since 1982. Together, these data offer a rare chance to examine how the demographic and spatial processes of spread and population expansion over 30 yr have shaped viral evolution on a landscape scale. Furthermore, the exact knowledge about how the epizootic unfolded in time and space provides an opportunity to test how accurately the documented population history of raccoon rabies can be reconstructed from genetic data by using available analytical tools.
Results
Based on phylogenetic analysis, we were able to distinguish seven genetic lineages of RRV based on an operational definition (see Materials and Methods). All but two lineages represented groups with posterior values Ͼ80%; the two remaining lineages received low to moderate statistical support (57 and 69%, respectively) but were supported in their distinction also on the basis of spatial clustering of viruses (Fig. 1A) . Each of the seven lineages exhibited a general direction of spread relative to the first reported cases in Pembleton county, WV: Spread toward the southeast, southwest, and east was each associated with one particular group, whereas spread in the northwestern and northeastern direction was each marked by two different groups ( Fig.  1 A and B) .
Counties sampled 5-14 yr or even 15-25 yr after they had experienced their first raccoon rabies cases consistently yielded members of the same genetic lineages that had colonized that area initially (Fig. 1C) . A correlation of spatial and temporal distances derived from the phylogeny revealed the different rates of spread at different times during the epizootic: Compared with the initial wave when infections were estimated to have spread on average 38.4 Ϯ 3.8 km/yr, viruses sampled at later stages indicated a mean spread rate of 9.5 Ϯ 1.4 km/yr (P Ͻ 0.001).
Of 324 inferred substitutions, 273 (84%) occurred in putatively neutrally evolving sites (third codon position or noncoding sequence). All remaining substitutions were unique to one or few sequences, corroborating earlier findings that genetic diversification of rabies virus is probably not driven by the selection of novel variants (15) .
The Bayesian estimation in BEAST yielded an evolutionary rate of 2.9 ϫ 10 Ϫ4 substitutions/site/yr for the concatenated sequence data. Results of the relaxed clock method indicated that systematic changes in rate variation over the course of the epizootic were negligible [see supporting information (SI) Fig.  4 ], thus demonstrating the validity of the strict clock approach. In conjunction with the evolutionary rate, we identified the year 1973 (highest posterior density interval, HPD: 1967 HPD: -1978 as the estimated date of the most recent common ancestor for the midAtlantic epizootic (Fig. 2) . This date was consistent with the date of the first documented cases in 1977, which fell within the HPD limits of the coalescent estimate and therefore reaffirmed that the use of a strict molecular clock resulted in reasonable temporal estimates that fit the known epizootic history.
Our coalescent-based reconstruction of the demographic history of the mid-Atlantic epizootic (Fig. 2) suggested that the effective number of infected raccoon had not increased at a uniform rate but instead had occurred in three periods of exponential growth, interspersed with periods of stable population size: After an initial rapid exponential increase (1977) (1978) (1979) (1980) (1981) (1982) (1983) , the effective number of infections reached a short plateau (1983) (1984) (1985) (1986) , followed by first moderate (1986) (1987) (1988) (1989) (1990) , then rapid exponential growth (1990) (1991) (1992) , before reaching another plateau (1992-1999).
Our epidemiological index for the number of infected raccoons through time, the cumulative area of all counties newly affected by rabies each month, showed very similar temporal dynamics to those identified in the coalescent analysis (Fig. 2) . After the first reported case in 1977, the newly affected area rose more or less continuously until Ϸ1983, when the trend was reversed and the virus invaded new area at a declining rate. Around 1986, this negative trend stopped and, by 1990, changed again to a steady increase that lasted until 1992. Between 1992 and 1998 the size of the new area fairly consistently declined again but showed one final spiked increase during 1999. The fact Tree tips represent centroids of counties that were sampled during the initial wave (i.e., collected within 37 months of the first reported case of RRV in that county). Latitude and longitude of nodes (including root, shown as black star) were estimated by using phylogenetic generalized least squares (37) . White star marks Pendleton County, WV, where the epizootic's first case was reported in 1977. (C) Full MCC tree projected onto landscape, including samples collected 4 -14 (squares) and 15-25 yr (triangles) after the first county case. Maps were produced with the help of online map creator (available at www.aquarius.geomar.de/omc/). that such a tight correspondence between the epidemiological and the coalescent data were seen for the timing of demographic periods starting and ending further validates the accuracy of the molecular clock rate estimate.
Annual contours for the RRV invasion revealed high levels of spatial heterogeneity in the expansion process (Fig. 3 ). For example, RRV spread into the areas north and east of the index case at a variable but generally faster rate compared with areas in the south. By 1992, RRV in the north had reached New Hampshire, Ͼ700 km from the index case, whereas expansion toward the south had only progressed as far as the North Carolina coast (Ϸ300 km). The reasons for this difference are unclear but may be related to different environmental conditions and lower raccoon densities from Virginia southwards (16) . Westward expansion of RRV was particularly slow, likely because of the Appalachian mountain ranges forming a barrier to raccoon movement. The same was true, albeit to a lesser degree, for northward spread across the Allegheny mountains. Conversely, areas of low elevation along the Atlantic coast, especially in the states of New Jersey, New York, Connecticut, and Massachusetts, were associated with the fastest annual rates of RRV spread (Fig. 3) .
Splitting the genetic data according to direction of expansion and repeating the coalescent analysis demonstrated that the distinction of several demographic periods was not possible for viruses spreading south. Instead, the estimated number of infected raccoons for these lineages (SE and SW) increased at a slow but exponential rate at first but then changed to stable population sizes by the late 1980s (SI Fig. 5 ). In contrast, the same distinct demographic periods identified from the full data set were also all visible when limiting the analysis to the northern lineages only (E, NE1, NE2, NW1, NW2; SI Fig. 5 ). Thus, consistent with the observation of more homogeneous spread toward the south, the demographic fluctuations we identified in the Bayesian skyline analysis (Fig. 2) solely pertained to viral spread in northern directions.
Results of the Bayesian skyline plot (Fig. 2) indicated that the mid-Atlantic rabies epizootic contained three distinct periods of exponential population growth (see above). Hence, we used the three corresponding point estimates of population growth rate to determine R e, the effective reproductive rate, of raccoon rabies. Depending on the specific growth period and the assumed length of generation time, estimates of R e ranged from 1.02 to 1.16 (Table 1) .
Discussion
The combination of rapid evolution and spatial diffusion of RRV after its introduction to the mid-Atlantic region resulted in a distinct phylogeographic pattern, in which each viral lineage became associated with a specific radial direction of rabies spread from the epizootic origin. Interestingly, this spatial segregation of lineages was not only evident from viruses sampled during the initial infection wave (Fig. 1B) but even remained true for samples collected from counties that had experienced their first raccoon rabies case 5-25 yr earlier (Fig.  1C) . Previous analysis of RRV dynamics had shown that counties reexperience rabies outbreaks every 4 yr on average (9) . If these subsequent outbreaks, which tend to have smaller amplitudes (9), generated their own traveling infection waves, viral lineages should, over time, become admixed over increasingly larger areas. That this was not the case thus indicates that later waves remain much more local in scale, as also supported by our calculation that infections at this stage spread over average distances that were Ϸ75% smaller than during the initial spread. These results imply that RRV in its enzootic stage is maintained at relatively small spatial scales and that local persistence does not depend upon regular immigration of infected individuals.
Our observations fit theoretical expectations for expanding populations, in particular those of a ''surfing mutation'' model (17, 18) . According to this model, mutations (in our case represented by viral lineages) that arise near the front of an expansion wave have the chance to be carried by the wave over long distances and to thereby reach high overall frequencies. In contrast, mutations or lineages arising at a later stage, and thus behind the expansion wave, lack the same opportunity to be dispersed. Our study presents an empirical example for this phenomenon, which so far has only been shown in simulation studies and which has important implications for reconstructing historic population expansions from molecular data (17, 18) .
According to our analysis, all viruses sampled from the mid-Atlantic epizootic can be traced back to a common ancestor in the year 1973. Although the 4-yr time lag between our point estimate and the observed emergence in 1977 may be explained by sampling variation, it could also reflect epidemiological processes. One possible interpretation is that the mid-Atlantic outbreak resulted from the simultaneous introduction of several closely related viruses in 1977. Alternatively, and in our view more likely, RRV may have already been present in West Virginia for several years before its detection. Such time lags are characteristic for species invasions (19) and seem particularly probable for rabies, given that the reproductive number of the virus in raccoons appears to be small (see below) and that detection probability will be low during times when the number of infected individuals is still limited. We noted a similar time lag between local introduction and emergence in another recent RRV outbreak (J.C.H., R.B., C.E.R., and L.A.R., unpublished work) and thus believe that it may be a potentially common feature of rabies epizootics.
The demographic history of RRV inferred from sequence data showed a strikingly close correspondence to the actually observed population dynamics of the virus (Fig. 2) . Importantly, this not only confirmed the existence of several distinct demographic periods during the RRV expansion but also their timing and different growth rates. RRV population growth was only seen at times during which the size of the newly invaded area continued to increase. This underscores the degree to which overall dynamics of the virus depend on processes at the wave front and suggests that behind this front, raccoon mortality due to RRV quickly limits the number of susceptibles available for infection. Despite the widespread use of coalescent-based methods in molecular epidemiology in recent years, it is rarely possible to validate the obtained estimates through independent data. Our results therefore provide a powerful illustration of the detailed level of information these approaches can extract from adequate molecular data.
What could have caused the number of infected raccoons to change so dramatically at different times during the epizootic? Landscape features can have pronounced effects on the rate of local rabies spread (10, 11) and may therefore also affect viral dynamics on larger scales. Because our genetic inference methods integrated over data from the entire RRV population, we could only expect to see the effect of large physical features that altered the dynamics of several viral lineages simultaneously. We noted a significantly lower rate of RRV spread from the index case southwards compared with the rate of viral invasion toward the north (Fig. 3) , and therefore conducted separate demographic analyses for northern and southern lineages. Results indicated that the series of distinct demographic periods (Fig. 2) only applied to lineages spreading northward, whereas southern lineages exhibited much simpler dynamics (SI Text). Consequently, only physical features encountered during northward spread had the potential to induce changes in the number of infected raccoons.
Continuous mountain ranges, which constitute poor raccoon habitat at higher elevations and probably less favored routes during dispersal, had a pronounced effect on RRV spread (Fig.  3) . The Appalachian mountain chains in particular, which were not crossed during the first growth period (1977) (1978) (1979) (1980) (1981) (1982) (1983) , clearly played an important role in limiting the westward spread of RRV (16) . Similarly, the Allegheny Mountains appear to have slowed down the spatial expansion of RRV to the north. Because the Susquehanna River and the Chesapeake Bay simultaneously limited viral spread to the east, we would argue that the first static demographic period (1983-1986) may be attributable to the virus becoming confined by these physical barriers. Notably, the period of fastest growth, 1990-1992, coincided with rapid viral invasion into low-elevation areas along the Atlantic coast, which are also highly urbanized and support some of the highest raccoon densities (20, 21) . The incursion of RRV into these areas therefore would be expected to strongly affect the number of infections. The final demographic plateau in RRV infections reached in 1992-1999 can be explained by the combined effects of additional physical barriers (i.e., Great Lakes, Atlantic Ocean) and poorer raccoon habitat at higher latitudes. In addition, the distribution of an oral rabies vaccine along the western and northern wave front, which began during the mid-1990s (22) , likely contributed to stabilizing the number of infections at that point. Interestingly, we saw no obvious effect of large rivers, with the possible exception of the aforementioned Susquehanna River, on wave velocity and the inferred demographic periods. Large rivers have been shown to significantly reduce the rate of local RRV spread (10, 11), but our results suggest that these effects may become less important on larger scales.
The estimates we obtained for the effective reproductive ratio (R e ) of RRV were low, ranging only from 1.02 to 1.16 (Table 1) . Compared with R 0 , which describes the expected average number of secondary cases resulting from a single infection, R e represents the realized equivalent, which will always be lower than R 0 because it reflects, among other factors, the variance in the number of secondary cases and the local depletion of susceptible hosts (23) . Indeed, estimates of R 0 for rabies in domestic dogs and wildlife have generally been Ͼ2.0 (24, 25) . Despite the expectation of a lower rate, we were surprised that R e just barely exceeded 1.0, the value required for an epizootic to persist. A low reproductive ratio makes pathogen dynamics more susceptible to stochastic fluctuations during periods of low population size. As discussed above, this may explain the lag time between the estimated age of the most recent common ancestor of the mid-Atlantic focus and the first detection of rabid , assumed average generation time (in months) between rabies virus infections. † Demographic periods as shown in Fig. 2. raccoons (Fig. 2) . In addition, it could also have significant implications for attempts to model emergence dynamics of RRV and other rabies variants by using deterministic approaches because predictions derived from these models may fail to accurately capture population processes that are driven by stochastic effects.
Our work underscores the tight linkage among the spatial, demographic, and genetic processes taking place during species invasion over a novel landscape and supports the notion that evolutionary events occurring during an initial expansion have profound and lasting effects on the genetic population structure of an invader (17, 18) . In many cases, this initial geographic structure may become later obscured by subsequent movement and population turnover, making it difficult to correctly infer increasingly complex population histories from genetic data (26) . Even after Ϸ30 yr, however, this has not been the case for RRV, for which phylogeographic structure remains largely intact. If the same holds true for other viral zoonoses, it may be possible in many cases to recover the origin and initial direction of viral spread through retrospective analysis, even if genetic sampling is undertaken decades later. Especially in situations where surveillance data are unavailable or inadequate, this approach could provide critical insights regarding landscape epidemiology and the historic factors involved in local disease emergence.
This study demonstrates that coalescent methods are capable of obtaining detailed and accurate accounts of nonlinear population dynamics in the past, and illustrates how these dynamics may be affected by the local physical environment. Similar approaches, and a further integration of genetic and spatial data, are likely to become increasingly important for epidemiological studies of infectious diseases on natural landscapes.
Materials and Methods
Rabies Virus Sampling. We examined brain tissues of 44 rabid raccoons collected between 1982 and 2004 that had been submitted to the Rabies Section of the U.S. Centers for Disease Control and Prevention (CDC) for diagnostic confirmation and variant typing by monoclonal antibodies. These samples were selected from a much larger set of samples collected as part of regular rabies surveillance carried out by state and local public health departments and the U.S. Department of Agriculture Wildlife Services according to the following criteria: First, we included all available samples that had been collected within 37 months after that county had experienced its first reported case of raccoon rabies (n ϭ 17). Because most counties did not produce secondary outbreaks within this time period (9), these samples are considered to be representative of the initial wave of rabies infection. We also included published sequences from raccoons (n ϭ 3) that had been sampled within this time frame (27) . In addition, we examined 27 samples that had been collected 52-302 months after a county had experienced its first reported case and thus had the potential to yield virus introduced from other areas by subsequent infection waves. Samples had associated information regarding the date and location (county) of sampling; the county centroid was considered a sample's spatial origin (see SI Table 2 ). DQ886039-DQ886076, DQ888332-DQ888369, and EF508133-EF508144.
Genetic Coalescent Analysis. We used Akaike's Information Criterion (AIC) to select an appropriate model of molecular evolution from a broad range of candidate models (see SI Text) (30, 31 ). The best model included different base frequencies and substitution parameters for codon positions one and two vs. position three (HKYuf 112 ϩ CP 112 ϩ G 112 ). We estimated evolutionary rates and demographic history from raccoon rabies sequences in the software application Beast 1.4, which implements a Bayesian coalescent approach by using Markov-Chain Monte Carlo sampling (32) . Among other parameters, the program yields estimates of the evolutionary rate if supplied with genetic sequences sampled at different points in time and if temporal separation between samples is long relative to the frequency of mutational events (33, 34) .
We estimated the viral effective population size through time (interpretable as the product of the effective number of infected raccoons and the virus generation time ) by using a Bayesian skyline plot (35) , which is also part of the Beast program. Instead of fitting the sequence data to a demographic model specified a priori (i.e., logistic growth, exponential growth, etc.), the Bayesian skyline plot estimates the population dynamics in the past from the posterior distribution of effective population size estimates, by assuming a highly parametric stepwise model of population size change, and can thus account for more complex demographic scenarios. The number of potential population size transitions must be chosen beforehand, and, in our case, we chose to allow 15 steps in the underlying demographic model. We also repeated the same analysis after splitting the data set into a southern group (containing all sequences of the SE and SW lineages) and a northern group (all other sequences) motivated by earlier observations that dynamics of spread from the index case had differed for these general directions (16) .
Analyses in Beast were based on 22 million steps, of which the first 2 million were discarded as a burn-in period. This length resulted in effective sampling sizes of at least 350 for all estimated parameters. Samples of trees and parameters were recorded every 1,000 steps. To assess whether the assumption of a strict molecular clock was justified and whether our results were sensitive to variation in the clock rate, we repeated our coalescent analysis in Beast by using a relaxed clock model (36) .
Based on the maximum clade credibility (MCC) tree found in the Beast analysis, we estimated the latitude and longitude associated with each supported tree node (defined as posterior support Ͼ70%), including the tree root, by using the phylogenetic generalized least-squares method (37) available in program Compare 4.6 (38) as described (6) . For each supported branch, we divided the geographic distance between the two nodes by the estimated branch length in years (again from MCC tree), to obtain a distribution of distances over which infections would have been able to spread. We distinguished between branches that corresponded to the initial expansion wave (see Rabies Virus Sampling above) and branches that reflected mutations that arose after the expansion wave had already moved through an area. Three internal branches, which could not be readily assigned to either group, were excluded from the analysis.
To distinguish specific lineages in the phylogeny, we used an operational definition according to which a lineage (i) had to correspond to a supported (but potentially paraphyletic) group, (ii) had to contain at least four sequences, and (iii) was not subdivided further if this would have resulted in ''left-over'' groups containing fewer than four sequences.
Ancestral reconstruction, as implemented in program BASEML of the PAML package (39) , was used to infer the number of substitutions at each site in the viral genetic sequence along the MCC tree.
Demographic Analysis of Case Data. Temporal data specifying the first month of occurrence of raccoon rabies in a county were available from July 1977 to October 1999. These data were used to determine whether genetic samples could be regarded as representing the initial infection wave or some later time point (see Rabies Virus Sampling above).
A local raccoon population that recently experienced a rabies outbreak will take, on average, 4 yr to regain population sizes sufficient to support a secondary outbreak, which will usually be of smaller amplitude (9) . Thus, the majority of infected raccoons at any given time should be found in completely susceptible populations that experience rabies infection for the very first time. These populations will be located at the perimeter of the range of the epizootic, i.e., at the wave front. Based on this rationale, and making the simplifying assumptions of homogeneous raccoon densities and infection rates, we derived a monthly index for the number of infected raccoons by calculating the cumulative area of all counties experiencing rabies for the first time that month. To dampen the effects of heterogeneity in the data caused by temporal and sampling effects, we used a moving average with a window size of 15 months.
Estimating the Effective Reproductive Number (Re) of Raccoon Rabies.
The basic reproductive number (R 0 ) is defined as the average number of secondary cases resulting from a single infection in a completely susceptible host population. Persistence of a pathogen within a host population therefore requires an R 0 Ն 1. R 0 can be calculated in a straightforward manner (40) by using R 0 ϭ r ϩ 1, where r is the growth rate in the number of infections and represents the average time between infections. Because we derive our estimate for r from genetic data, it is most appropriately thought of as a measure of increase in the effective number of infections, analogous to the concept of effective population size in population genetics. We therefore refer to our estimate for the reproductive number as R e , rather than R 0 . We obtained point estimates of r by visually determining start and end points for each of the three demographic phases within the population size curve and calculating the slope of a linear fit for each of the three periods. For the parameter , we assumed values of 1-3 mo (see SI Text).
Effect of Landscape on Rabies Spread. Spatial kriging using ArcGIS Geostatistical Analyst (41) was used to compute annual contours of rabies spread throughout the mid-Atlantic region based on the date of the first reported case for each county. This contour map was then overlaid in ArcGIS with an elevation model and the distribution of major rivers.
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